
E
A

C
D

a

A
R
R
A
A

K
P
P
I
P
G

1

c
o
l
b
b
l
z
t
l
U
E
d

m
F
t
r
c
f

0
d

Journal of Hazardous Materials 182 (2010) 544–551

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

valuation of activated carbon for remediating benzene contamination:
dsorption and oxidative regeneration

henju Liang ∗, Yan-Jyun Chen
epartment of Environmental Engineering, National Chung Hsing University, 250 Kuo-kuang Road, Taichung 402, Taiwan

r t i c l e i n f o

rticle history:
eceived 9 August 2009
eceived in revised form 29 April 2010
ccepted 16 June 2010
vailable online 23 June 2010

eywords:

a b s t r a c t

This study investigated the potential usage of activated carbon (AC) as a permeable reactive barrier
material for the adsorption of benzene contaminant. Sodium persulfate (SPS) or pyrite (FeS2) activated
SPS oxidation was used for the regeneration of spent AC. Results indicate that persulfate oxidation of AC
caused a loss of electrons and a reduction in adsorptive capacity due to the formation of acidic functional
groups on the AC. Concerning the reactants that can be used for oxidation of the benzene contaminants,
SPS/FeS2/AC, as oppose to SPS/AC, can achieve benzene destruction in both the aqueous and the sorbed
ersulfate
ermeable reactive barrier
n situ chemical oxidation
yrite
roundwater remediation

phases. Furthermore, regeneration of benzene spent AC by SPS or SPS/FeS2 revealed that SPS oxidation
resulted primarily in desorption of benzene over direct oxidation of AC sorbed benzene. In contrast,
the SPS/FeS2 system achieved complete oxidation of desorbed benzene in the aqueous phase while also
oxidizing sorbed benzene. Results of re-adsorption show that oxidative regeneration recovered around
70% of the AC adsorption sites and the remaining capacity was mostly occupied by the residual benzene
on the AC. This study demonstrates that SPS or FeS2 activated SPS oxidation is an effective alternative

ion o
method for the regenerat

. Introduction

Benzene is classified as a toxic, carcinogenic and mutagenic
ompound [1]. In the United States, gasoline is generally composed
f 2% benzene by volume but the concentration of benzene in gaso-
ine may be up to 5% in other countries [2]. It should be noted that
enzene, with a water solubility of 1780 mg/L, is more water solu-
le than other major gasoline components. Therefore, if accidental

eakage occurs from an underground gasoline storage tank, ben-
ene would pose a serious threat to the groundwater system and
he public who drink the benzene contaminated groundwater for a
ong time would be potentially at risk of developing cancer risk. The
nited States Environmental Protection Agency (EPA) and Taiwan
PA have both set the maximum contaminant level for benzene in
rinking water and groundwater at 0.005 mg/L.

Adsorption processes have been widely applied for the treat-
ent of drinking water [3] and industrial wastewater [4].

urthermore, adsorption with activated carbon (AC) is one of

he reaction mechanisms applied in the permeable reactive bar-
ier (PRB) technique for groundwater remediation. The adsorptive
apacity of AC in the aqueous phase mainly depends on three
actors [5–7]: (1) the characteristics of the AC such as the sur-

∗ Corresponding author. Tel.: +886 4 22856610; fax: +886 4 22856610.
E-mail address: cliang@dragon.nchu.edu.tw (C. Liang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.066
f spent AC.
© 2010 Elsevier B.V. All rights reserved.

face chemistry (e.g., surface functional groups and ash content)
and texture (e.g., surface area and pore size distributions), (2)
the characteristics of the adsorbate (e.g., pKa, functional groups
present, polarity, and molecular weight and size) and (3) the solu-
tion conditions (e.g., pH, temperature, adsorbate concentration,
the presence of competitive compounds and polarity of solvent).
Furthermore, these factors can be classified into three types of
interactions: adsorbate–AC, adsorbate–solution and AC–solution
[8]. Due to attraction occurring between the � orbital on the
carbon basal planes and the electronic density in the benzene aro-
matic rings (�–� interactions) [6,9], AC adsorption of benzene
(i.e., adsorbate–AC interaction) is mainly governed by nonspecific
dispersion physical adsorption forces. Adsorbate–solution inter-
action is related to the chemical compatibility of the adsorbate
with the solution used (e.g., adsorbate solubility in water). There-
fore, a contaminant with more hydrophobic characteristics (e.g.,
benzene) can induce a greater driving force for adsorption in the
aqueous phase. The AC–solution interaction is governed by the sur-
face polarity and functional groups of the carbon surfaces. The polar
sites present growing centers of water clusters in the micropores
that hinder hydrophobic adsorbate adsorption by AC. Owing to the

functional groups of AC classified as acidic (oxygen-containing) and
basic (nitrogen-containing), the surface of the AC exhibits different
polarities [8].

The selection criteria for the reactive media in PRB are based on
reactivity, stability, availability, cost, hydraulic performance, envi-

dx.doi.org/10.1016/j.jhazmat.2010.06.066
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cliang@dragon.nchu.edu.tw
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onmental compatibility and safety [10]. Activated carbon used as
PRB reactive material for benzene removal fits well with the

bove criteria well. However, hydraulic performance of subsur-
ace is largely dependent on the hydraulic conditions of the site
nd other factors such as temperature and the composition of the
roundwater. However, when certain reactive materials are used
o treat contaminants that have been present in the subsurface for
ecades, the long-term efficiency of PRB is a matter of great con-
ern [11]. Therefore, there is a requirement for a feasible in situ
ecycling method capable of extending the lifecycle of a PRB.

Persulfate (S2O8
2−) is the latest oxidant to be used for in situ

hemical oxidation (ISCO) of soil and groundwater contaminants.
t is a highly reactive oxidant (Eo = 2.01 V), yet is more stable
nd persistent in the subsurface than hydrogen peroxide, another
SCO oxidant. ISCO using persulfate and activated persulfate has
merged as a viable remediation technology for the treatment of
ubsurface contaminants. Persulfate activation, an advanced oxi-
ation process (AOP), to generate sulfate radicals (SO4

−•) has been
emonstrated as an effective means of destroying aromatic organ-

cs such as benzene, toluene, ethyl benzene and xylene [12–14].
ersulfate activation using heat (e.g., 30–99 ◦C) and the presence
f transitional metals (e.g., Fe2+) can generate SO4

−• in accordance
ith Eqs. (1) and (2) [15], respectively.

2O8
2− + heat → 2SO4

−• (1)

e2+ + S2O8
2− → SO4

−• + SO4
2− + Fe3+ (2)

The AC surface is partly comprised of residual electrons and
on-exchange functional groups [16], which can induce electron
ransfer activation. The hydrogen peroxide/AC heterogeneous acti-
ation mechanism has been shown to effectively destroy organics
17,18] and regenerate exhausted AC [19]. In a similar theory, put
orward by Kimura and Miyamoto [20], it is stated that AC may
lso activate persulfate via electron transfer and produce SO4

−• in
ccordance with the following equation:

C + S2O8
2− → AC+ + SO4

−• + SO4
2− (3)

here AC+: the oxidizing cation-radical activated carbon.
Furthermore, pyrite (FeS2), a natural Fe2+-bearing sulfide min-

ral, can be oxidized using O2 (Eq. (4)) and Fe3+ (Eq. (5)) to gradually
elease Fe2+ [21] and therefore be a possible source of Fe2+ for per-
ulfate activation in accordance with Eq. (2). The mixture of pyrite
ith PRB reactive materials (e.g., zero valent iron) has been used to

erve as an on-site method for producing sulfuric acid during PRB
perations and to moderate the pH of the reactive bed, thereby
ecreasing the amount of precipitates formed in PRB [22].

FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2− + 4H+ (4)

eS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (5)

Therefore, when combing the activated persulfate AOP and AC
r AC/FeS2 filled PRB, the SO4

−• generated by AC or FeS2 induced
ersulfate activation may be of benefit as it can provide “on-
ite chemical oxidative regeneration” for in situ destruction of AC
orbed contaminants, recycling of spent AC, and maintenance of the
ongevity and effectiveness of PRB. This will lead to a reduction in
he cost of retrieving the reactive materials from the existing PRB.

The objectives of this study were to investigate the potential
sage of AC as a reactive material in the presence or absence of
yrite to accumulate contaminants within PRB, in conjunction with
he use of persulfate for recycling reactive materials. This paper

ddresses three issues: (1) the impact of persulfate oxidation on the
roperties of AC for benzene adsorption; (2) persulfate oxidation
f benzene in the presence of AC or AC/pyrite; (3) the evaluation
f recycling benzene spent AC with persulfate or pyrite activated
ersulfate.
s Materials 182 (2010) 544–551 545

2. Materials and methods

2.1. Chemicals

Water used was purified using a Millipore reverse osmosis
(RO) purification system. Sodium bicarbonate (NaHCO3, min. 99.7%,
Riedel-deHaën) and potassium iodide (KI, min. 99.5%, UNION Tai-
wan) were used for persulfate analysis. Carbon disulfide (CS2,
99.9%, Riedel-deHaën) was used for benzene extraction. Sulfuric
acid (H2SO4, >99.8%, Fluka), nitric acid (HNO3, >65%, Fluka), sodium
nitrate (NaNO3, min. 99.0%, Riedel-deHaën) and sodium hydroxide
(NaOH, min. 99.0%, Riedel-deHaën) were used for determining the
point of zero charge (pHpzc). Methanol (CH3OH, 99.9%, ECHO) was
used for preparing a series of benzene standard solutions. Sodium
persulfate (Na2S2O8, min. 99.0%) was purchased from Merck; ben-
zene (C6H6, min. 99.7%) was purchased from Riedel-deHaën; pyrite
(FeS2, 99.9% powder) was purchased from Alfa Aesar. A commercial
activated carbon Calgon Filtrasorb 300 (F300) (a bituminous-coal-
based carbon) was obtained from Calgon Carbon Corporation. All of
the AC used (particles sieved: 2.0–1.2 mm) in this experiment was
prepared by acid washing with 5% HCl for 24 h to remove impuri-
ties present in the carbon and rinsed with RO water until the pH
of the solution was stable [23]. The AC was then dried at 105 ◦C for
24 h prior to storage in a desiccator.

2.2. Experimental setup

2.2.1. Degradation of persulfate on the activated carbon
The experiments were performed to consider two aspects: the

effects of AC doses (0, 2, 5 g/L) under a fixed SPS concentration of
2 g/L and the effects of sodium persulfate (SPS) concentrations (1,
2, 5 g/L) under a fixed AC dose of 5 g/L. All experiments were con-
ducted in 1 L volumetric flasks that were capped and stirred at 20 ◦C
in a temperature-controlled chamber (KANSIN low-temp incuba-
tor, LT1603). For all tests in this study, the pH of the RO water was
initially adjusted to pH 3 using 0.05N sulfuric acid before the addi-
tion of the reactants. After the reactions had finished, the OAC-1 and
OAC-5 were washed with RO water several times until the pH of the
solution was stable. The OAC-1 and OAC-5 were then dried in an
oven under 50 ◦C for further preservation in a desiccator and subse-
quent analysis of surface properties. Note that the notations OAC-1
and OAC-5 represent the products of the AC that were oxidized with
1 and 5 g/L of SPS, respectively.

2.2.2. Adsorption kinetics and isotherms
For the adsorption kinetic experiments, a benzene solution

(60 mg/L, pH 3) was prepared by adding the required amount of
pure benzene and stirring for 12 h in a 1.36 L heavy-walled plain
pressure reaction flask (IWAKI 7740 glass) with no head space. The
flask was then placed in a temperature-controlled chamber at 20 ◦C
and the top of the flask was covered and clamp-sealed with a flat
Teflon reaction head equipped with Teflon-lined septum ports. For
determining the kinetics of the benzene adsorption process, var-
ious experimental conditions (AC (0.5–5 g/L), OAC-5 (1.5 g/L) and
AC (5 g/L)/FeS2 (0.5 g/L)) were used separately. At each sampling
time, 1 mL of solution was withdrawn through a septum port using
a 1-mL gas-tight syringe (SGE gas-tight syringe, fitted with push-
button luer-lock valve) and filtered using a 0.2 �m PTFE filter placed
within a stainless syringe holder (ADVANTEC, KS-13).

Equilibrium isotherm experiments were conducted using the
bottle-point method. The benzene solution (60 mg/L, pH 3) was

prepared in a 2.3 L borosilicate reservoir (Schott Puran) equipped
with a Teflon stopper and valved bottom outlet. The solution was
then added to a series of 120 mL amber crimped-top reaction bot-
tles with no head space, in which different AC, OAC-1 or OAC-5
doses in the range of 0.1–5 g/L were initially added. When adsorp-
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ion reached equilibrium (magnetically stirred for 24 h, a period
ased on results from the adsorption kinetic experiments), sam-
le solutions were taken using a gas-tight syringe and filtered for
enzene analysis.

.2.3. Oxidation experiments
Oxidation systems including AC/S2O8

2−, FeS2/S2O8
2− and

C/FeS2/S2O8
2− were conducted for treating benzene (60 mg/L,

H 3) in accordance with the procedure of the adsorption kinetic
xperiments described in Section 2.2.2. The AC and FeS2 doses were
and 0.5 g/L, respectively, and two concentration levels (2 and
g/L) were used for SPS. In order to record the relative quantities of
enzene which were sorbed, oxidized and remained in the aqueous
hase, the aqueous benzene concentration was analyzed and the AC
orbed benzene was extracted using carbon disulfide for analysis.
ote that in all 2 g/L SPS experiments, the AC was extracted until the
PS was almost exhausted, i.e., after 5 h (this period was based on
xperimental results). Additionally, for the 5 g/L SPS experiments,
wo separate runs were conducted, in which one where the AC was
xtracted after 5 h for comparison and in the other where extrac-
ion was carried out after 24 h. The AC extraction procedure used
s as follows: the solution was filtered (Advantec 0.45 �m cellulose
ster filter), approximate 0.1 g residual AC was weighed into each
mL brown bottle (6 replicates), 3 mL carbon disulfide was added,
nd then the bottles were shaken for 5 min at 1400 rpm on a vortex
haker. AC extraction was also performed for the AC adsorption only
n the adsorption kinetic experiment to ensure the recovery of ben-
ene during the extraction processes. Control tests in the absence
f persulfate, AC or FeS2 were carried out in parallel.

.2.4. Regeneration of benzene spent AC
Adsorption experiments in the absence and presence of FeS2

0.5 and 1.0 g/L) were conducted in accordance with the proce-
ure described in Section 2.2.2. When equilibrium was reached, SPS
2 g/L) was added into each reactor. After the SPS was exhausted,
he solution was carefully decanted and filtered to allow the major-
ty of the AC to remain in the reactor. Following this, the AC that
emained on the filter was oven-dried at 105 ◦C and measured to
etermine the loss of AC. Thereafter, fresh benzene solution was
dded for re-adsorption experiments. Aqueous benzene concen-
rations were measured throughout all processes. A separate run
as also conducted and then the AC was sacrificed for analysis of

he sorbed benzene concentration.

.3. Analytical methods

The point of zero charge (pHpzc) for the AC surfaces was mea-
ured by mass titration as described by Noh and Schwarz [24]. BET
urface area and pore volumes were determined by N2 adsorp-
ion at 77 K (Micrometritics ASAP 2020, high surface area and
orosimetry analyzer). The aqueous benzene concentration was
easured using a high performance liquid chromatography/UV

Agilent 1100) equipped with a reversed-phase ZORBAX Eclipse
DB-C18 (4.6 mm × 150 mm × 5 mm) column (mobile phase using
cetonitrile/water (70/30, v/v) with a flow rate at 1.00 mL/min
nd the effluent monitored at 254 nm). The AC sorbed benzene
as extracted using carbon disulfide and the extract was analyzed
sing gas chromatography (Agilent 6890N)/flame ionization detec-
or/autosampler (Agilent 7683B) and an Agilent HP-5 fused silica
apillary column (30 mm × 0.32 mm × 0.25 �m) (nitrogen as the

arrier gas at a flow rate of 15 mL/min and temperatures for column,
njector, and detector: 45 (isothermal), 220, and 250 ◦C, respec-
ively). Persulfate was monitored using the spectrophotometric

ethod (� = 400 nm) [25]. pH was monitored using a ROSS pH com-
ination electrode and a pH/Ion meter (Thermo Orion 720A+).
Fig. 1. Sodium persulfate degradation in the presence of AC and/or FeS2 under (a) a
fixed persulfate concentration ([SPS]o = 2 g/L); (b) a fixed AC dosage ([AC]o = 5 g/L).
n.d. = not determined.

3. Results and discussion

3.1. Impact of persulfate oxidation on AC

3.1.1. Decomposition kinetics of persulfate
The results of persulfate decomposition in the presence of AC

under a fixed persulfate concentration and a fixed AC dosage are
presented in Fig. 1a and b, respectively. It can be seen that the
decomposition of persulfate in this study fits a pseudo-first-order
kinetic model well, with correlation coefficients of >0.96 calculated.
It should be noted that the velocity of a reaction between persulfate
and AC, when the AC is present at a concentration greatly in excess
of that of the persulfate and assuming that the concentrations do
not change throughout the course of the reaction, is determined
only by the concentration of the persulfate. This is therefore an
example of a pseudo-monomolecular reaction, because the veloc-
ity of the reaction is determined by the concentration of only one
of the two reactants (i.e., persulfate) and yet still follows first-order
kinetics. Furthermore the observed rate constants were found to
decline when persulfate concentration increased and the AC dosage
was lowered (data presented in inset tables in Fig. 1). These were
analogous to the hydrogen peroxide decomposition kinetics in the
presence of AC reported in the literature [17,26]. Since AC surface

contact is the rate-controlling step for the overall persulfate or per-
oxide decomposition reaction [17], the surface characteristics of
AC play an important role in influencing the interaction between
persulfate and AC.
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Table 1
The physical and chemical characteristics of activated carbon.

AC type BET surface area (m2/g) Pore volume (cm3/g) Pore area (cm2/g) pHpzc Acidity (mmol/g) Basicity (mmol/g)

112.7 7.8 0.707 0.548
108.5 2.8 1.357 0.281
103.0 3.6 2.599 0.013
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AC 722.88 0.087
OAC-1 668.70 0.083
OAC-5 677.13 0.075

As can be seen in Table 1, the specific surface area, pore volume,
ore area, pHpzc and basicity of AC decreased after persulfate oxi-
ation with the exception that acidity increased significantly when
ersulfate concentration increased. Due to the fact that persulfate
nd sulfate radicals are strong oxidizing reagents, they would oxi-
ize carbon atoms and cause the AC surface to lose its electrons
i.e., � electrons). Consequently, the AC surface would become pos-
tively charged and this would lead to a decrease in pHpzc [27–29].
ote that the results for mass titration to determine pHpzc are
resented in Fig. SI1 (Supporting Information). Therefore, surface

nteraction phenomena involving persulfate over the AC would
e associated with the AC surface oxygen functional groups and
he presence of delocalized � electrons on the oxygen-free Lewis
asic sites that are situated on the basal planes of AC [6]. Thus,

t can be suggested that the interaction between persulfate and
C may involve the exchange of an oxonium-hydroxyl group (e.g.,
C surface C–OH2

+OH−) with persulfate anions [20,30] and this
ay decrease the total surface area of the AC [31]. Moreover, Liang

t al. [32], using Fourier transform infrared spectroscopy analysis,
emonstrated that the acidic functional groups on the persulfate
xidized AC are possibly the C–O–C asymmetric stretching modes
f the ether or ester and the ether–oxygen (ascribed to C–O single
onds).

Additionally, it can be seen that pyrite caused slow persul-
ate decomposition (Fig. 1a). The surface of pyrite surface contains
nshared pairs of electrons and it is evident that the release
f Fe2+ from the pyrite (in accordance with Eqs. (4) and (5))
nduced slow persulfate decomposition. Persulfate decomposi-
ion rates in the presence of both pyrite and AC were slightly
igher than those in the presence of AC only (i.e., increased

rom 0.29 to 0.42 h−1). As a result of this side effect, pyrite acti-
ated persulfate may assist in destroying AC sorbed contaminants.
urther evaluation of this will be presented in the following
ections.

.1.2. Benzene adsorption kinetics and isotherm
Fig. 2 shows the adsorption kinetics for benzene reacting with

C, OAC-5 and AC/FeS2. It can be seen that the time required for
eaching adsorption equilibrium for different AC doses was less
han 10 h and that the adsorption kinetics and capacity of the AC
ere not influenced by the presence of pyrite. Also, a control test
emonstrated that little benzene adsorption by pyrite occurred
0.5 g/L) (discussed in Section 3.2). In order to examine the mecha-
isms of the adsorption process, three simplified kinetic models,

.e., pseudo-first-order equation (Eq. (6)), pseudo-second-order
quation (Eq. (7)) and intra-particle diffusion (Eq. (8)) [33], were
mployed and the results can be seen in Fig. SI2 and Table SI1 (Sup-
orting Information).

n(qe − qt) = ln qe − k1t (6)

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (7)

t = k t0.5 + C (8)
dif

here qe and qt are the amounts of benzene adsorbed (mg/g) at
quilibrium and at time t (h), respectively; k1 and k2 are rate
onstants of pseudo-first-order (h−1) and pseudo-second-order
orption (g/(h mg)); kdif is the intra-particle diffusion rate constant
Fig. 2. Benzene adsorption kinetic profiles. Note: B: benzene.

(mg/(g h−0.5)); C is the intercept that represents the value of the
thickness of the boundary layer.

The results show that both pseudo-first- and pseudo-second-
order kinetic models well fit data (R2 > 0.93) and can be used
to describe benzene adsorption kinetic behavior while pseudo-
second-order kinetic model revealed an even higher correlation
(i.e., R2 > 0.98). The decomposition of persulfate on AC may be
ascribed to the chemical exchange of an oxonium-hydroxyl group
with persulfate anions to form acidic functional groups (e.g.,
AC surface–C–OH2

+HSO4
−) [30,31]. Therefore, functional groups

present on the AC may play a role in electrostatic interactions
with persulfate anions. It should be noted that the term pseudo-
second-order kinetic behavior more accurately describes sorption
behavior which involves valence force through the sharing of elec-
trons between an adsorbent and an adsorbate [34,35]. Furthermore,
the benzene adsorption equilibrium capacities were analyzed using
two isotherm models (Freundlich and Langmuir models, as shown
in Eqs. (9) and (10), respectively), to assess their efficiencies [36].

Qe = Kf C1/n
e (9)

Qe = qm
bCe

1 + bCe
(10)

where Kf and n are Freundlich isotherm parameters, represent-
ing the unit capacity factor ((mg g−1)(L mg−1)1/n) and intensity
of adsorption (dimensionless), respectively; qm and b are Lang-
muir isotherm parameters, representing the maximum adsorption
monolayer capacity (mg-benzene/g-AC) and affinity constant
(L g−1), respectively. Fig. 3a and b illustrates the AC isotherm

adsorption of benzene and correlations between the isotherm
parameters and acidity on the AC surface are presented in Fig. 3c
and d. The adsorptive capacity of the OAC and the isotherm param-
eters decreased when AC surface acidities increased as a result of
persulfate oxidation of the AC. Also, as indicated in the previous
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ig. 3. Isotherm plots of benzene onto AC and OAC-1, -5: (a) Langmuir and (b) Freu
, n.

ection, the higher initial persulfate concentration resulted in a
reater degree of acidity. Since benzene is in the molecular form
n solution, the adsorption mechanism occurs mainly by dispersive
ttraction between the � orbital on the carbon basal planes and
he electronic density in the benzene aromatic rings (�–� interac-
ions) [6,9]. Persulfate oxidation of the AC surface triggered losses of
lectrons from the AC and produced acidic functional groups, which
ead to a weakening of the AC dispersive interaction with benzene
nd the formation of water clusters [37,38]. As a result, some AC
ores became blocked and inaccessible for benzene adsorption and
ence resulted in decreases in adsorptive capacity.

.2. Persulfate oxidation of benzene in the presence of AC or
C/pyrite

Fig. 4 shows the influence of the simultaneous presence of per-
ulfate and AC or persulfate/FeS2 and AC on benzene adsorption
nd degradation. The presence of persulfate appeared to reduce
enzene adsorption (see Fig. 4a). Moreover, the presence of ben-
ene slowed down the decomposition of persulfate by AC (e.g.,
obs,SPS = 1.44 h−1 in Fig. 1b vs. kobs,SPS = 0.68 h−1 in Fig. 4c). This
henomenon was similar to that observed by Lucking et al. [26]
ho used AC for H2O2 activation and 4-chlorophenol adsorption.

ucking et al. [26] reported that the adsorption of 4-chlorophenol
elayed the peroxide decomposition and that the peroxide caused

reduction in the adsorptive capacity of the AC. Adsorption of

enzene-occupied active sites occurred on the AC which then
ecame unavailable for activating persulfate and resulted in a
lower rate of persulfate decomposition. Additionally, the analy-
is of benzene distribution in the system demonstrates that the
desorption isotherm a function of acidity; (c) Langmuir: qm, b and (d) Freundlich:

AC sorbed benzene decreased from 52% to 37% when the SPS
doses increased from 2 to 5 g/L (see Fig. 4d). Furthermore, the AC
sorbed benzene remained nearly unchanged (about 3% difference)
when the reaction time was extended from 5 to 24 h. However,
when a reaction time of 24 h was used, the aqueous benzene was
further degraded according to Eq. (3) and persulfate was com-
pletely decomposed. It can be deduced that a quantity of the AC
sorbed benzene was unreactive or unreachable by persulfate. When
H2O2 and AC were combined to oxidize various hydrophobic com-
pounds, similar observations were reported and depending on the
hydrophobicities of the organics [18], some of the sorbed fractions
were found to be almost unreactive.

Fig. 4b shows that pyrite activated persulfate offers a more effec-
tive method for destroying benzene when compared to the results
obtained from the persulfate oxidation of benzene. The rates of ben-
zene removal were fairly similar in the systems using AC/SPS/FeS2
(5/2/0.5) and AC only (see Fig. 4a) (i.e., kobs,benzene = 2.21 and
2.50 h−1). Moreover, the rates achieved in the systems using
AC/SPS/FeS2 were faster than those in the systems using SPS/FeS2
(i.e., kobs,benzene = 0.53 h−1, in the absence of AC) (see Fig. 4b) and
AC/SPS (i.e., kobs,benzene = 1.56 h−1, in the absence of FeS2) (see
Fig. 4a). Hence, these results suggest that the existence of AC in the
SPS/FeS2 system enhances benzene degradation. The differences
in kobs for benzene degradations were due to AC adsorption. Fur-
thermore, the role of pyrite can be demonstrated by comparing the

results of the AC/SPS/FeS2 system to those of the AC/SPS and AC
only systems. No benzene remained in the aqueous phase in the
AC/SPS/FeS2 system whereas around 10% remained in the system
that used only AC adsorption (see Fig. 4d) and 51% vs. 11% of sorbed
benzene in the system of AC/SPS = 5/2 vs. AC/SPS/FeS2 = 5/2/0.5.
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herefore, it can be seen that the addition of pyrite as a source of
e2+ to activate persulfate can aid in achieving complete destruc-
ion of benzene in both the aqueous and the sorbed phases.
owever, it was observed that the presence of benzene in the
PS/FeS2 system resulted in a faster decomposition rate than that
f the system where no benzene was present (i.e., 0.14 vs. 0.08 h−1)
see Fig. 4c). The explanation of this can start from the reaction of
ersulfate and pyrite as shown in Eq. (11).

eS2 + 15S2O8
2− + 16H2O → 2Fe3+ + 34SO4

2− + 32H+ (11)

Persulfate first reacts with pyrite to produce Fe3+ and as a
ubsequent step, pyrite is then oxidized by Fe3+ to generate Fe2+

n accordance with Eq. (5). It has been reported that oxidation
f pyrite by Fe3+ is faster than that achieved by molecular oxy-
en in an acidic solution, that is Eq. (4) [39]. Since Fe2+ is the
ctive species in activating persulfate and a limiting reagent, SO4

−•

ormed upon persulfate activation in the absence of benzene may
e scavenged by SO4

−• and/or persulfate, according to Eqs. (12)
nd (13) [40]. However, if benzene is present, due to a fast reac-
ion rate constant for reactions between SO4

−• and benzene (i.e.,
× 109 M−1 S−1 [41]), a significant quantity of SO4

−• would be scav-
nged by benzene. Therefore, in the presence of benzene, Fe3+

ould accumulate faster and the pyrite would subsequently be oxi-
ized by Fe3+ to release Fe2+ for decomposing persulfate. Hence,
he observed decomposition rate of persulfate was faster when
enzene was present.
O4
−• + SO4

− → S2O8
2− k = 4 × 108 M−1 S−1 (12)

O4
−• + S2O8

2− → SO4
2− + S2O8

−• k = 6.1 × 105 M−1 S−1 (13)
of AC and (b) in the absence of AC; (c) persulfate degradations; (d) mass balance

3.3. Persulfate regenerating AC with and without pyrite

Fig. 5 shows the results of the regeneration of benzene spent
AC by persulfate or persulfate/FeS2. During the course of regen-
eration, persulfate oxidation resulted in the presence of benzene
in the aqueous phase, implying that desorption of benzene was
dominant over direct oxidation of sorbed benzene by AC activated
persulfate. On the other hand, no aqueous benzene was detected
when pyrite activated persulfate oxidation (i.e., two different pyrite
doses) was used, implying that more complete oxidation of aque-
ous benzene occurred than when using persulfate oxidation alone.
Moreover, persulfate decomposition rates increased from 0.67 h−1

(in the presence of AC) to 1.03 h−1 (in the presence of AC and pyrite
0.5 g/L). At the end of the regeneration period (i.e., 5 h) and when
pyrite had been used, the residual AC sorbed benzene was found
to be less than that remaining after oxidation using persulfate only
(e.g., 38% residual by persulfate vs. 33% residual by 0.5 g/L pyrite
activated persulfate oxidation) (see Fig. 5c). Nevertheless, some AC
sorbed benzene appeared occupation of the adsorption sites or to
be un-accessible for oxidation.

The amounts of benzene sorbed after regeneration were 5.35
and 4.55–4.67 mg-benzene/g-AC for persulfate and pyrite activated
persulfate oxidation, respectively (data presented in inset table in
Fig. 5c). Compared to the initial adsorptive capacity (i.e., 14.73 mg-
B/g-AC), the re-adsorptive capacity decreased by around 30% (e.g.,
(14.73 − 10.72)/14.73 = 27%). This is partially attributable to the
residual benzene on the AC. However, the total adsorptive capacity

slightly increased by around 4–10%. When comparing the results of
re-adsorptive capacity for AC regenerated from spent AC with those
for OAC (pre-oxidized) (see discussion in Section 3.1.2), it can be
seen that persulfate oxidation of benzene spent AC appeared to less
adversely influence the adsorptive capacity of the AC. This is pos-
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ibly due to the occurrence of mild oxidation over the AC surfaces
hat were initially covered and saturated with benzene.

Kan and Huling [42] studied Fenton-driven regeneration of
TBE spent AC and indicated that MTBE oxidation is dependent

n desorption and intra-particle diffusion. They also proposed that
ntra-particle diffusion is the limiting step for MTBE transport from
C to the aqueous phase. Therefore, the oxidation of sorbed con-

aminants could be constrained due to the short life-span of the
adical oxidants such as sulfate radicals which originate mainly
ear the AC surface and hence are incapable of reaching to the
eeper adsorption sites. Furthermore, the amount of AC sorbed
enzene was not reduced when a higher pyrite concentration was
sed (i.e., from 0.5 to 1 g/L). The reason for this could be that excess
e2+ released from pyrite in the system induced a faster persulfate
egradation rate (i.e., 1.59 h−1 in the presence of 1.0 g/L pyrite) and
lso scavenged SO4

−• (i.e., SO4
−• + Fe2+) [43]. Similar observations

n the application of combining H2O2 and pyrite for oxidation of
,4,6-trinitrotoluene were reported that increased pyrite did not
nhance contaminant removal instead of slowing down the degra-
ation reaction [21].

. Conclusions

In this work, the interaction of activated carbon (AC) with per-
ulfate anions has been investigated. The adsorption behaviors
ith AC or PS oxidized AC (OAC) have been characterized using
seudo-first-, -second-order kinetics, intra-particle diffusion mod-
ls, and Freundlich and Langmuir isotherms. Persulfate oxidation
f AC resulted in a loss of electrons on the AC and produced

cidic functional groups, which led to a weakening of the AC dis-
ersive interaction with benzene. Moreover, the changes in the
hemical structure and characteristics of ACs are dependent on
he direct contact of persulfate with the AC. For instance, when
he absorbent (i.e., benzene) was absent, the resulting oxidized AC
egeneration; (c) mass balance among different phases after regeneration at 5 h.

(i.e., OAC) showed a decrease in adsorptive capacity. The reduction
in adsorption was mainly due to the hydration of the increased
AC surface acidities and the presence of water clusters on the AC
pores which resulted in a reduction in the surface area available
for benzene adsorption. Experiments were carried out to inves-
tigate the effects of the simultaneous presence of persulfate and
AC or persulfate/FeS2 on benzene adsorption and degradation.
The results show that the AC/SPS/FeS2 system offers an effec-
tive method for destroying benzene that has been sorbed onto
AC or, in the case of the AC/SPS system, desorbed in the aque-
ous phase. Furthermore, it was demonstrated that when SPS was
used for regenerating benzene spent carbon, SPS oxidation resulted
mainly in desorption of benzene from the AC. In contrast, no aque-
ous benzene was observed in the SPS/FeS2 system, i.e., complete
destruction of benzene in the aqueous phase was achieved. Despite
this, the regenerated AC with the SPS or SPS/FeS2 still retained
its adsorptive capacity. On the basis of these findings, the oxida-
tion systems put forward in this study may serve as a reference
for potential on-site chemical oxidative regeneration of AC PRB
application.
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